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[53] Field of Search ----------------310/322, 324' 360' 346 positive temperature coefficient of resonance such that [56] References Cited the resonator has a temperature coefficient of resonance a roachi 0 /°C. U.S. PATENT DOCUMENTS pp "g ppm US. Patent Jan. 12,1988 Sheet 10 of 13 ' ' 4,719,383 It is yet another object of the invention to provide a piezoelectric acoustic shear wave resonator which has a response which is relatively constant over a range of operating temperatures.
It is still another object of the invention to provide a method of making a piezoelectric acoustic shear wave resonator.
Additional objects, advantages, and novel features of the invention will be set forth in part in the following description. ' In accordance with the invention, a method is dis closed for preparing a piezoelectric ?lm having its C axis substantially inclined at an acute angle with respect to the film normal such that the shear wave coupling coef?cient of said ?lm signi?cantly exceeds the longitu dinal wave coupling coef?cient, whereby the ?lm is capable of shear wave excitation. The ?lm may be made suf?ciently thin so that the excited shear waves are in the microwave region. The ?lm is made of piezoelectric materials having 6 mm symmetry such as ZnO and AlN.
The ?lm is provided with electrodes on opposite sides to form an acoustic shear wave resonator.
The resonator of the instant invention is prepared by growing a ?lm of a piezoelectric material on a substrate in a dc. reactive sputtering system to which a supple mentary electric ?eld is applied from a control elec trode né'ar the substrate. The electric ?eld has an orient ing effect on the growing ?lm, such that the angle of inclination of the C-axis of the ?lm with respect to the substrate is a function of the voltage of the applied ?eld, the distance of the electrode above the substrate and the lateral distance of the electrode from the substrate. After deposition the substrate may be etched away under a central portion of the ?lm so that the ?lm is supported by the substrate only at its periphery. Elec trodes may be provided to both sides of the ?lm by known means such as sputter deposition to form a shear wave resonator.
In another embodiment a layer of doped semiconduc tor material having a positive temperature coef?cient of resonance may be incorporated into the resonator struc ture to compensate the temperature coef?cient of reso nance of the piezoelectric ?lm such that the tempera ture coef?cient of resonance of the composite structure approaches 0 ppm/°C. When this condition occurs, the resonance of the resonator is relatively constant over a range of operating temperatures. 
EXAMPLE I
A target of 99.999% pure Zn, 5" in diameter, was sputtered in a reactive dc planar magnetron sputtering system of the type shown and described. A substrate of (100) Si was positioned about 5 cm from the target and heated to a temperature of about 300° C. In this example the substrate holder on which the substrate was posi tioned was substantially parallel to the target. The sput ter deposition took place in an atmosphere of 99.999% pure oxygen at a pressure of 0.5-5 millitorr. The target cathode was at a voltage of about -300 volts do and operated at a current of about 300 milliamperes. The peripheral anode voltage was about 30 volts dc. All voltages were measured relative to the grounded sub strate. Under these conditions a ?lm of ZnO was depos ited on the substrate at a rate of about 2.0 pom/hr. The C-axis of the ZnO ?lm thickness was inclined about 25° from the ?lm normal. It was observed that the initial few thousand angstroms of the ?lm were also oriented with the C-axis inclined the same angle from normal, indicating that extremely thin ?lms capable of micro wave h shear wave excitation can be made by the method of the instant invention. The foregoing examples are intended for illustration and are not intended to limit the sputter deposition parameters contemplated as being within the scope of the present invention. For example, the control elec trode voltage is generally maintained anywhere be tween about 20 volts to about 40 volts to promote plasma stability and to obtain better ?lm quality, but the voltage may be lower or higher than this range in order to obtain a lesser or greater angle of inclination of the C-axis. Other parameters such as target-substrate spac ing, substrate temperature and cathode current may be varied' as is known in the art of dc magnetron sputter ing. In addition, the substrate may be tilted or not de pending on the C-axis angle of inclination desired. In some cases tilting the substrate may cause undesirable variations in ?lm thickness.
The substrate may comprise, for example, silicon, GaAs, or a combination of silicon and GaAs. In addi tion, the substrate may be provided with a deposition layer such as thermally grown oxide, a deposited metal ?lm, or doped p+ silicon on which the piezoelectric ?lm is deposited. The orientation of the C-axis of the deposited piezoelectric ?lm appears to be independent of the substrate material and the material of the deposi tion layer. EXAMPLE VI A resonator was prepared as described in Example V except that prior to deposition of the electrodes the p+ silicon membrane was removed from under the ZnO using CF4 gas plasma etching, leaving a ZnO plate sup ported at its periphery. The ZnO plate is mechanically rugged and may be made as thin as 1 pm, although plate bowing was obsereved if the plate thickness was less than 3 pm. For a 3.5 pm ZnO plate having 2000 A aluminum electrodes, the shear wave resonant re sponses were measured at fundamental frequencies of 398.96 MHz for series resonance and 403.60 MHz for parallel resonance which corresponds to a shear acous tic wave velocity of 2830 m/s. Using the series and parallel resonant frequencies an effective coupling coef ?cient of 17% (k2=9.O29) was calculated, which is lower than that calculated for single crystal ZnO (33%). This degradation was likely caused by nonuni formities in the ?lm. The resonator Q was somewhat lower than expected due to a parasitic transducer effect existing at the overlap of an electrode onto the substrate p+ region. Typically, resonator Q is in the range of 1200-2500 for devices of the instant invention having transducer parasitic loss. MHz, corresponding to a shear acoustic wave velocity of 5585 m/s. As in Example VI, the resonator Q was lower than expected due to a parasitic transducer effect. Th foregoing description of the preferred embodi ment is not intended to limit the invention to the precise form disclosed. Many modifications and variations will be apparent to those skilled in the artin light of the above teaching. For example, other heavily doped semi conductor material exhibit a positive temperature coef ?cient of resonance, and optimum thickness ratios may be determined for these materials to obtain resonators having temperature coef?cients of about 0 ppm/'C.
Furthermore, those skilled in the art will understand that the resonator of the instant invention can be placed against an object to transmit acoustic waves there through, whereby the resonator would then operate as a transducer. The embodiment was chosen and de scribed in order to best explain the principles of the invention and its practical application.
The embodiments of this invention in which an exclu sive property or privilege is claimed are de?ned as follows:
